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Abstract. The present study investigates the effects of strip roughness on surface velocity 
divergence (SD) to develop physical modelling of gas transfer mechanisms in natural rivers. 
Particularly, turbulence measurements were conducted by PIV in a computer-controlled 
laboratory flume with varying water discharge and roughness spacing systematically, in order to 
obtain the space and time distributions of surface velocity divergence, turbulent kinetic energy 
and dissipation rate on the horizontal plane. Finally, a new empirical model for the surface 
velocity divergence was proposed considering turbulence microscales. 
1. Introduction 
McCready et al. [3] report that the surface velocity divergence (SD) is relevant to gas transfer processes 
at the air-water boundary. Therefore, the SD is highlighted in the gas transfer studies. The present study 
focuses on two-dimensional rough-bed flows, in which strip roughness elements are placed with constant 
spacing. It is well known that shedding vortices produced periodically behind the roughness element are 
transported toward the free surface. Although previous studies (Djenidi et al. [2], Pokarajac et al. [6]) 
point out that turbulence structure depends significantly on a ratio of roughness spacing to roughness 
height, many uncertainties remain about the relation between the SD and the coherent turbulence induced 
by the rough bed.  
In this study we investigated hydrodynamic effects of strip roughness on the SD to develop physical 
modelling of gas transfer mechanisms in natural rivers. Particularly, turbulence measurements were 
conducted by PIV in a computer-controlled laboratory flume with varying water discharge, flow depth 
and roughness spacing systematically, in order to obtain the space and time distributions of SD, turbulent 
kinetic energy and dissipation rate. Finally, a new empirical model for the SD in natural rivers was 
proposed considering turbulence structure. 
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2. Measurement methods 
Figure 1 shows the experimental set-up and the coordinate system. The experiments were conducted in 
a 16-m long and 40-cm wide glass flume. Streamwise, vertical and spanwise coordinates are ,x y and
z , respectively. The vertical origin, y = 0 was chosen as the channel bed. The time-averaged velocity 
components in each direction are defined as U, V and W, and the corresponding turbulent fluctuations 
are u, v and w, respectively. The strip roughness elements were placed on the flume bed with constant 
spacing in the streamwise direction. The roughness elements used were two-dimensional regular 
transverse square bars. The roughness height was h = 15.0 mm.  
The measured region was located at about 7 m downstream from the channel entrance and the 
turbulent flow was fully developed. The 2.0-mm thick LLS (laser light sheet) was generated by a 3.0-W 
YAG laser using a cylindrical lens. The LLS was projected horizontally and vertically with a spatial 
resolution of about 0.29 mm per pixel. The LLS plane was illuminated together with tracer particles 
(diameter of 0.1 mm and specific density of 1.02) and captured by a high-speed CMOS camera. The 
instantaneous velocity vectors )~,~( wu  were calculated by a PIV algorithm [5]. The PIV analysis was 
conducted by direct correlation, in which the interrogation window size was 25× 25 pixels. When the 
correlation value between the first and second image patterns was less than 0.4, a local velocity vector 
was judged as an invalid vector, and interpolated velocity data were given to the corresponding position 
using surrounding valid vectors. 
Table 1. Hydraulic conditions	
φ U m (cm/s) U s (cm/s) k L (cm/s) T w (℃) H (cm) H/h
Case1-1 5.0 7.0 0.0013 24.6
Case1-2 10.0 13.3 0.0023 23.6
Case1-3 20.0 24.3 0.0048 24.0
Case2-1 5.0 7.4 0.0014 19.7
Case2-2 10.0 14.8 0.0025 18.7
Case2-3 20.0 27.4 0.0065 19.6
Case3-1 5.0 7.1 0.0023 20.4
Case3-2 10.0 13.2 0.0036 19.1
Case3-3 20.0 27.4 0.0069 20.1
Case4-1 5.0 6.0 0.0025 19.9
Case4-2 10.0 14.2 0.0046 20.1
Case4-3 20.0 32.6 0.0073 20.3
Case5-1 5.0 7.2 0.0024 20.6
Case5-2 10.0 14.9 0.0047 19.7
Case5-3 20.0 30.2 0.0081 19.8
Case6-1 5.0 7.3 0.0019 19.5
Case6-2 10.0 13.8 0.0032 18.7


































Figure 1. (left) Horizontal PIV system and (right) vertical PIV system  
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Table 1 shows the hydraulic conditions, in which Um is the bulk mean velocity and Us is the surface 
streamwise velocity in the centerline of the flume. hx /Δ≡φ  is a relative spacing of strip roughness 
elements, in which xΔ  is a streamwise distance between the neighboring roughness elements. The LLS 
positions are =Hy /  0.98 for the horizontal PIV. The gas transfer velocity KL was measured using two 
dissolved oxygen meters [4].  
 
3. Results and discussion 
3.1. Turbulence structure and surface divergence distribution for rough bed flow 
Figure 2 shows the contours of the Reynolds stress uv−  for =φ 3.0, 5.0, 8.0 and 16.0. The values of 
uv−  are normalized by the square of the bulk mean velocity 𝑈"# . Note that the Reynolds stress contours 
have the peak value at the canopy edge (y/h=1.0). As the coherent structure develops between elements, 
the peak values of ( )xuv peak−  become larger downstream. It is also observed that for =φ 3.0–8.0, the 
magnitude of the Reynolds stresses in the outer layer increases in proportion to the roughness spacing 
φ . In contrast, for =φ 16.0, the Reynolds stress peak is located at x/h = 6.0. It is also observed that the 
Reynolds stress values become smaller as the flow approaches the next roughness element. 
Figure 3 shows the contours of instantaneous surface velocity divergence β~ and velocity vectors 
)~,~( wu  on the horizontal plane (y/H = 0.98) in the cases of mU = 10 cm/s for =φ 5.0. The longitudinal 
positions of the roughness are indicated in figure 2. The velocity vectors are drawn in a movable 
coordinate subtracting the bulk-mean velocity mU .  β
~  < 0 yields a convergence zone where momentum 
concentrates and is accompanied by a downward current. In contrast, β~  > 0 yields a divergence zone 

















































































Figure 2. Contours of Reynolds stress by vertical PIV (Um = 10 cm/s). 
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∂ ~~~≡~β                   (1) 
From the contour of instantaneous surface 
divergence, the positive and negative divergence 
zones appear periodically (figure 3). In blue and red 
circles accompanied by large divergence values, we 
can distinguish the divergence and convergence 
zones of the free surface fluid by the direction of 
velocity vectors. The circle ‘A’ is transferred 
downstream, keeping its formation. Note that the 
convection velocity does not depend on the strip 
roughness position. 
3.2. Effects of roughness spacing on surface 
divergence 
Figure 4 shows the relationship between the gas transfer velocity kL and the divergence intensity. 
McCready et al. [3] propose a surface divergence (SD) model as follows: 
 
 βα ʹ= DkL   (2) 
in which D  is molecular diffusivity of dissolved oxygen in water and ( )2~ βββ −=ʹ  ( β : time-
averaged surface velocity divergence) is the RMS value of the instantaneous SD, and α  is a proportional 
coefficient. The linear relation is observed for flows with strip roughness and α  ranges from 0.3 to 0.5.  
Figure 5 shows the relationship between the roughness spacing and the divergence intensity. Note 
that a single peak appears at =φ 12, irrespective of the bulk-mean velocity Um. Coleman et al. [1] report 
















Figure 4. Relation between gas transfer 
velocity and the surface divergence intensity. 
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Figure 3. Time-series of the surface velocity divergence on the horizontal plane near the free surface 
(Um = 10 cm/s,  φ = 5). 
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about =φ 8 (see figure 2). It is thus inferred that the SD has a strong relation with the turbulent structures 
induced by rough-bed flow. Furthermore, the results revealed that the values of the SD become larger in 
high velocity conditions. This suggests that the Reynolds number may be a key factor on the production 
of the surface divergence.  
It is generally difficult to measure the SD because we have to obtain the time-series of the velocity 
components ( wu ~,~ ) on the horizontal plane simultaneously. But the turbulence statistics, such as the 
turbulent kinetic energy and dissipation rate, can be analyzed using a single-point measurement method. 
Therefore, correlating the turbulence statistics and the surface divergence will contribute to the 
development of practical and useful prediction methods for the surface divergence and the related gas 
transfer velocity.  
3.3. Turbulent kinetic energy 
Figure 6 shows the relationship between the roughness spacing and the turbulent kinetic energy k. 
Turbulent kinetic energy k is defined as follows: 
 )''(
2
1 22 wuk +=     (3) 
u’ is the RMS value of the instantaneous streamwise velocity u~ , and w’ is the RMS value of the 
instantaneous spanwise velocity w~ . The turbulent kinetic energy has a single peak at =φ 12. This is in 
good agreement with figure 5 (the surface velocity divergence).  Coleman et al. [1] conducted turbulence 
measurements and report that the Reynolds stress value reaches a maximum for =φ 8. Our results are in 
good agreement. In cases of large relative spacing ( =φ 16), local turbulence structures are produced 
behind the roughness element, but they become smaller and disappear with distance from the roughness 
element (figure 2). In the cases of small roughness spacing, the spacing is smaller than the flow 
separation length and the turbulence structure does not develop between the roughness elements. 
Consequently, the mean flow and turbulence structures become uniform in the streamwise direction and 
near the wall boundary layer condition. 
3.4. Physical modeling of SD with Kolmogorov scale 
The turbulent dissipation rate ε  is the transfer rate from turbulence energy toward heat per unit mass 
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Figure 5. Relation between intensity of surface          Figure 6. Relation between turbulent kinetic  
velocity divergence and relative spacing                       energy and relative spacing of strip roughness. 
of strip roughness.	
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The present study evaluates it from the original definition because time series of velocity components 
could be obtained simultaneously for the multi-measured points. Here, we consider the dissipation rate 
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Under the low Froude number condition, 0=v  and 0// =∂∂=∂∂ ywyu  can be assumed on the free 
































































The right-hand side terms are calculated using measured two-dimensional PIV data. 
Under Kolmogorov’s local isotropy hypothesis, a probability density function of turbulence is 
defined by the viscous coefficient ν  and turbulent energy dissipation ε . The characteristic length is 
obtained by these physical variables as indicated by equation (7). This corresponds to the length scale 





































Figure 7. Relation between Kolmogorov length scale    Figure 8. Relation between Kolmogorov time 
and relative spacing of strip roughness.                           scale and relative spacing of strip roughness. 
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ηt                             (8) 
 
Figure 7 compares the Kolmogorov length among 
the different hydraulic conditions. The 
Kolmogorov length scale is smaller for a rough bed 
than for a smooth bed flow ( =φ 0). It reaches a 
minimum at =φ 12 and increases slightly between 
=φ 12 and 16. Figure 8 shows the relation between 
the roughness spacing and the Kolmogorov time 
scale. The same trend is observed as for the length 
scale (figure 7). These results suggest that both 
length and time scales become larger when 
turbulence production is comparatively small, and 
in contrast, they becomes smaller when greater 
turbulence is formed.  
Figure 9 shows the relation between the time 
scale and the SD. A distinct linear relation is 
observed, as given by equation (9). 
 
 
 )/1(44.0' ηβ t⋅=  (9) 
 
The scatter of the measured data is small, making it more useful for the physical modelling.	
 
4. Conclusions 
We focused on the surface velocity divergence (SD) in open-channel flows with strip roughness. The 
horizontal PIV measurements obtained a time series of free-surface velocity divergence. Positive and 
negative divergence zones are transferred downstream with time in the same manner as the boil 
phenomena in a natural river surface.  
The SD intensity relates with turbulence statistics, irrespective of the streamwise spacing of roughness 
elements. A distinct linear relation between the SD intensity and turbulence microscales, such as 
Kormogorov's scale, was observed for rough-bed flow. 
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Figure 9. Linear relation between the 
Kolmogorov time scale and the surface 
divergence intensity. 
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